Abstract-Biotechnology encompasses the use of micro-organisms and other biological agents in a range of processes, including the production of Pharmaceuticals, fine chemicals, enzymes, food and drink. This review looks at the sources of occupational exposure by describing the way in which process micro-organisms, some of which could be hazardous to health, can be released into the workplace or the environment. It also examines current practices, monitoring strategies and procedures used to monitor for release of micro-organisms during biotechnology processes and looks forward to methods that may be of use in the future. Crown copyright O 1996 Published by
INTRODUCTION
Biotechnology encompasses a wide range of technologies and applications and has many definitions. In practical terms, biotechnology can be described as the use of biological processes for the production of goods, services and environmental management. As such, it is an enabling technology applicable to many industrial sectors and involves the integration of biology, microbiology and biochemistry as well as chemical and process engineering. Traditional biotechnology, an age-old industry with its origins in processes such as brewing and bread making, has generated no particular hazards to human health or the environment. Modern biotechnology, with its use of genetically modified organisms (GMO), has, however, created some public concern, highlighting the need to ensure that the hazards from the organisms and products used in biotechnology processes are identified, and that the risks are adequately assessed and controlled.
Exposure to micro-organisms in the workplace may arise from three potential sources:
-contaminants of the material that personnel are handling; -contaminants of the workplace other than work material. This may include those from personnel (such as conforms or the common cold) or from air conditioning; and -biologically active material as an integral part of the workplace material.
The last category listed above includes the biotechnology process. Inadvertent 'releases' may occur either as a result of routine procedures or following an accident and may contaminate equipment, room surfaces and the air. Thus, workers in (i) Inoculum preparation-for processes using specific inocula, typically from a viable preserved stock culture. This may involve step-wise transfer into successively larger culture vessels to develop the final seed culture for the large-scale fermentation. (ii) Large-scale growth of the organism in a bioreactor (fermentation) under controlled conditions that rrmTimi7f; the yield of desired product. The scale may range from less than 10 1. to over 100 000 1. depending on the organism and the product. The design of the bioreactor used is dependent upon the organism being grown, as well as on the degree of containment and asepsis required. The large-scale growth phase may be carried out in bioreactors ranging from open-pan vessels to highly enclosed systems. To facilitate gaseous exchange, and to ensure transport of nutrients and waste products, the culture may require agitation by mechanical stirring or by aeration. (iii) Separation of the organism from its growth medium, product recovery and purification ('downstream processing'). The processes involved are usually dictated by the product and the organism in which it is synthesized. The unit operations may vary, but, in general, the stages involved include harvesting, possibly cell disruption, and cell and product separation, product purification and concentration. (iv) Effluent from biotechnology processes may include growth medium components, viable and non-viable organisms, suspended solids and waste water. Depending on the need to render process organisms non-viable, or to inactivate other components, the waste stream may be treated by physical, chemical or biological methods, or by a combination of these means, before disposal.
Diagrammatic representation of a typical biotechnology process is shown in Fig. 1 . Potential sites of release include seals, such as mechanical agitator shaft seals (1 in Fig. 1 ), exit gases (2), inoculation or sample ports (3), and bursting discs or pressure relief valves (4). In addition, release may occur if the bioreactor is ruptured or if culture fluid leaks into the vessel jacket or cooling baffles and hence gets into the cooling water system or forms a contaminated condensate. Releases may be either as fugitive emissions, in particular at connections and couplings, valves or flanges, or as a consequence of a component failure in pipe work (5).
Downstream processing is another potential source of exposure. In particular, cell separation and disruption processes have the potential to generate substantial aerosols (6). Centrifuges and rotary vacuum filters are also capable of creating contaminated aerosols. Disruption processes, such as homogenization, bead milling and sonication may generate aerosols both of the organism and its components. Purification processes, such as ultrafiltration, chromatography and dialysis, normally are less likely to generate aerosols. Aerosol generation could, however, occur in the event of failures in seals or piping. Exposure may also occur during activities such as filling bags, vials or other containers (7). The degree of risk may be influenced by the product formulation, for example, whether in solid, powder or liquid form. Effluent (8) from the process may be an additional source of exposure for workers and may have a significant influence on the environment at the point of discharge.
BIOTECHNOLOGY PROCESS ORGANISMS
In most instances the organisms used in industrial processes are unlikely to cause human disease or to cause significant harm to the environment. Industrial strains have been chosen, where possible, to avoid pathogenicity or toxicity. Process organisms are also adapted to specific process conditions which may render them poor competitors with naturally occurring organisms outside the culture vessel. An exception to this is where the use of organisms that are capable of causing disease cannot be avoided, for example, in the manufacture of vaccines. The organisms used in biotechnology processes come from a wide range of taxonomic groups, including bacteria, fungi and viruses as well as animal and plant cells. Those most commonly used include the fungi, such as yeasts, actinomycetes {Streptomyces spp. for example) and bacteria (such as E. coli). Up to now, viruses have not been used greatly, but some studies are now being made on the potential use of viral vectors. Similarly, although applications involving the use of animal and plant cells are less common, they are increasing in importance.
Therefore, some organisms used in biotechnology processes may possess infective, toxic, allergenic or other potentially hazardous biological properties. These may derive from the organism itself, or from the cells' components, naturally occurring metabolic products or other products specifically expressed by the organism under the growth conditions used. For example, endotoxin is a component of the cell walls of Gram-negative bacteria. Their inhalation or ingestion has been known to cause fever, influenza-like symptoms and digestive ailments in workers exposed to large quantities of Gram-negative bacteria, such as in some agricultural work and sewage treatment (Rylander, 1987) . Although not widespread, cases of occupational ill health in biotechnology industries have been reported, ranging from gastrointestinal pains and influenza-like symptoms to occupational asthma (Bennett et al., 1991) . The effect on human health depends upon the route of entry, the organisms, its viability or structural integrity, the dose received and the ability of a person to cope with exposure to an organism, its products or components from an immunological or detoxification point of view.
A further consideration is that some organisms, whilst not representing a threat to human health, may be hazardous to the environment. They may be pathogenic for, or give rise to materials toxic to, plants or animals and, as a consequence, have the potential to cause heavy economic losses. For example, bacteria such as Erwinia spp. can be used as process organisms, but may also be pathogenic to crop plants.
METHODS AVAILABLE TO MEASURE RELEASE OF PROCESS MICRO-ORGANISMS
A range of methods may be employed to measure biological agents released from biotechnology processes both as bioaerosols and as surface contaminants. Some rely on collection of viable cells, while others measure specific components of the microbial cell irrespective of its viability. At present, most monitoring strategies are based on the measurement of viable cells.
Bioaerosol sampling
Several methods are available to determine the source, quantity and identity of bioaerosol release (Crook, 1995a,b) . Mostly, these are based on collection, recovery and subsequent cultivation of micro-organisms (aerobiological or bioaerosol sampling). These methods have been used in a range of industrial and agricultural workplaces to study exposure to infectious, toxic or allergenic bioaerosols (Crook and Olenchock, 1995) . They may also be applicable for use in biotechnology establishments to monitor the immediate environment for release of process organisms.
Bioaerosol sampling may be categorized according to collection method or to the method of handling the catch. Methods used to collect bioaerosols include gravitation, impaction, centrifugation, impingement and filtration. There is no standard bioaerosol sampling method and some that are appropriate for sampling in some situations may be less appropriate for others. Consequently, the best approach is to be aware of performance criteria of the samplers available and to choose accordingly.
A brief summary of the methods commonly used, together with their advantages and limitations is given in Table 1 Gravitation. This is the simplest form of bioaerosol collection, in which airborne particles are collected onto an adhesive surface (agar in Petri dishes or adhesive-coated glass slides) by their ability to settle under gravity. This method is cheap and requires no specialist equipment, therefore there are few restrictions to where the sampling is done or to the number of sampling points which may be covered simultaneously. To some extent, the collection efficiency of all sampling methods is influenced by the size of the airborne particle and by any air turbulence during sampling, but gravitational settling onto plates or slides as a means of collection, more than most methods, means that particles with greater mass will be over-represented. Smaller particles, corresponding to the size of individual microbial cells, will take much longer to fall and settling rates will be affected further by air turbulence. Also, the method is non-volumetric, that is, the sample is not taken from a known volume of air, which makes comparisons between samples difficult.
Impaction. Air, drawn by a vacuum source into the sampler, passes through an orifice and is directed towards an adhesive surface. Particles with sufficient momentum leave the airstream and impact onto the surface. The inlet orifice may consist of a slit or a number of holes of equal diameter and the collection medium may either be agar in Petri dishes or adhesive-coated glass slides. Many samplers employ this method, some collecting particles onto a single surface and some collecting particles in different size fractionss onto several surfaces (cascade impaction). Examples include slit to agar samplers (Casella), other single-stage impactors (Burkard sampler, SAS sampler), Andersen microbial impactors (one-, two-and six-stage sieve plates) and the May ultimate cascade impactor, which collects particles onto sticky coated microscope slides. The airflow rates of these samplers, depending on the sampler, range from 10 to 180 1. min~'. 1 ).* 4. High volume filtration (5-500 1. min~').t 5. May cascade impactor (10 1. min ).t 6. AGI-30 liquid rtnpinger (12.5 1. min~').t 7. Aerojet cyclone sampler (75+1. min" ').f 8. Multistage liquid impinger (551. min" ').f 9. RCS biotest centrifugal sampler (40 1. min~')4 10. SAS single stage impactor (1801. min~').J 11. Burkard single stage impactor (101. min" 1 ).! 12. Andersen 2 stage mkrobial impactor (28.5 1. mm~').t 13. Andersen 6 stage microbial impactor (28.5 1. min" 1 )^ 14. Andersen single stage microbial impactor (28.5 1. min~').t 15. Casella slit sampler (30 or 700 1. min" 1 ).! 'Vacuum can be supplied by battery-operated pump. {Vacuum must be supplied by mains-operated pump. JVacuum source integral to the sampler, battery operated.
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Centrifugal samplers. These are impaction samplers which use centrifugal force to assist the separation of particles from the airstream. They operate by creating a vortex in which particles with sufficient inertia leave the airstream to be impacted upon a collection surface. Glass cyclone samplers draw air tangentially at rates of 75 1. min'or more into the upper part of an inverted conical chamber, causing it to spiral down the inner wall where the particles are deposited. Liquid is fed into the inlet at the same time to wash the particles into a collection vessel at the base of the cone. In centrifugal air samplers, such as the Biotest RCS biocollector, air is drawn into the sampler by an impeller housed inside an open shallow drum, then accelerated by centrifugal force towards the inner wall of the drum. Positioned against the inner wall is a plastic strip supporting a thin layer of agar medium, onto which airborne particles are impacted. The RCS sampler is battery-operated, small enough to be hand held and operates at 40 1. min" 1 .
Impingers. Air is drawn through a body of liquid and particles leave the airstream to be collected by impingement into the liquid. Most are constructed of glass with a single collection chamber, for example, the Porton raised all-glass impinger, or AGI-30, operated at 12.5 1. min" 1 and the midget liquid impinger, operated at 1 1. min~'. A third, the multi-stage all-glass liquid impinger, collects particles in three size fractions into liquid. The most commonly used version is operated at 55 1. min" 1 .
Filtration. Air is sucked through a nitration medium, onto which particles are deposited. Flow rates depend on the size and type of filter and pump, from 11. min~' to upwards of 500 1. min 1 . The type of nitration medium often chosen for bioaerosol sampling is polycarbonate membrane, because of its flat collection surface, from which particles can be removed easily for analysis or analysed in situ by microscopy. Gelatin filters have also been used.
Surface sampling
In addition to air sampling, the numbers of micro-organisms deposited on surfaces can be determined. This type of sampling is used frequently in food hygiene studies, and takes the form of swabs or contact plates.
Swabs. These comprise cotton wool or a similar absorbent material which is soaked in liquid then rubbed over the surface of a measured area. A wetting agent or mild surfactant added to the liquid may aid the removal of adhered biological material. Microbial cells picked up by the swab then can be transferred, by agitation, into a known volume of liquid and the resulting suspension used to inoculate agar plates.
Contact plates. These are plastic Petri dishes which are designed so that they can be filled to the brim with molten agar. Owing to the presence of the meniscus of the liquid, the surface of the agar is raised above the brim. After the agar has set, it can be pressed onto solid surfaces and any microbial cells on the surface are transferred to the agar. The contact plate is covered and incubated to develop colonies from the adhered viable cells.
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Product sampling
As an alternative to measuring viable micro-organisms, a quantitative assessment may be made of any airborne release of a fermentation product or metabolite. This may be applicable where there is a simple, established, accurate and sensitive assay available, and where the amount of product is proportional to the microbial concentration, or where a bioaerosol of the product itself is the potential hazard. Any air sampling method can be employed which will ensure collection of a measurable amount of airborne product. Unless the product is likely to be sensitive to dehydration, filtration sampling is probably best because of simplicity for retrospective analysis. Recent studies have made much progress in the potential ability to measure protease enzyme release from fermentations using collection into liquid impingers or cyclones and biosensors for on line or real-time analysis (Nitescu et al., in press a,b; Tang et al., in press ). In terms of the ability to monitor and act upon the collected data, this would provide real benefits.
Endotoxin sampling
Endotoxins, cell wall components of Gram-negative bacteria, are detected mostly by Limulus amoebocyte lysate assays. This is a commercially available method used mainly in the pharmaceutical industry to check the sterility of parenteral medicines. The assays are capable of measuring nanogramme quantities of endotoxin by a gelation or colour change reaction, in the most sensitive methods assayed as a timeresolved analysis. Collection by filtration has been found to be the most appropriate sampling method, for example, onto PTFE membranes (Milton et al, 1990) .
Molecular biological methods
These include gene probes and gene amplification via polymerase chain reaction (PCR). Although at present the techniques may be considered only semi-quantitative at best, they provide a means by which DNA sequences specific to a target microorganism can be detected at levels which amount to less than 10 microbial cells, even in the presence of a large amount of background material, including other contaminant microorganisms (Pickup, 1991) . Detection is independent of cultivation, therefore a more robust collection method could be applicable, and sampling either by filtration or by impingement into liquid (Alvarez et al., 1994 ) is likely to be most appropriate.
MONITORING STRATEGIES
Strategy design
To design a monitoring strategy for a biotechnology process, it is likely that one or more of the above bioaerosol sampling methods will be used. The type of sampling, the analytical equipment, the techniques and the procedures used in this workplace monitoring will depend on the bioaerosol likely to be created and the nature of the exposure (Keith, 1990; DeCosemo and Griffiths, 1992; Crook and Olenchock, 1995) . The strategy design will depend on the questions to be asked and the answers required, but could be determined by considering four stages of assessment, as follows.
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Initial appraisal. An initial appraisal, based on a thorough knowledge of the process, could take into account the following: -the nature of the organisms, its components or products and the form in which they are present; -what hazards are posed by the biological agent, its components or products and how significant they are; -whether there is a real possibility of occupational or environmental exposure; -what processes or operations are in use from which exposure is likely to occur; -who or what is likely to be exposed; -the likely pattern and duration of exposure; and -existing information on exposure to which reference can be made.
A qualitative assessment as above may be sufficient. If first-hand information on exposure levels is required, however, basic or more detailed quantitative sampling may be useful.
Basic survey. After an initial appraisal has identified all the persons and all the environments likely to be at risk, a basic survey will provide some quantitative information on the efficiency of process and engineering control measures and on the likely extent of exposure. It is important to consider not only those who will routinely be exposed but also those that may be exposed intermittently (maintenance workers or cleaners for example). The basic survey may highlight defects or deficiencies in control measures or operating training. If remedial action has been taken, it may be useful to repeat the basic survey to assess any improvement and to appraise the remaining risk, which might also suggest the need for a more detailed survey.
Detailed survey. If a basic survey has shown that exposure is very variable, or that large numbers of people, or environments of particular concern, may be at risk, a more detailed survey could be used to obtain accurate and reliable information. Basic and detailed surveys may be useful:
-at the start of a new process; -where there has been a substantial change to the process, operations, or control measures; or -when unusual, intermittent or infrequent operations or processes are to be carried out.
Routine monitoring. Once information has been gathered by an initial appraisal and basic or detailed surveys, a strategy for routine monitoring may be used to check that control measures remain effective and to provide valuable information on trends or changes in patterns of exposure. The frequency of monitoring will depend on the level of exposure, the variability of the result, the reliability of the control measures and the nature of the organism. 
Sampling design
If a programme of sampling is undertaken to look for bioaerosol release, a number of factors will need to be considered, such as the siting of samplers, the frequency and extent of sampling and whether sampling is to encompass both the workplace and the wider environment. A suggested sampling strategy is outlined below.
Siting of samplers. Personal sampling, that is, taking samples of air from the breathing zone during normal work activity, gives the most accurate picture of exposure, and this is the method of choice for most occupational hygiene assessments. In practice, however, few personal samplers are currently available for collecting bioaerosols, other than filtration devices adapted from gravimetric analysis, and most bioaerosol samplers are area samplers; Table 1 and Fig. 2 summarize the capabilities of those samplers presently available. The key stages in a sampling strategy based around area sampling are:
-identify the potential source of release; -consider factors which may affect bioaerosol concentrations, such as the geography of the workplace (location of large pieces of equipment, presence and position of air conditioners and exhaust vents, movement of people or vehicles) which may affect air currents; -site samplers near to a perceived bioaerosol emission to measure maximum exposure concentrations; -position other samplers randomly in the work area for general ambient measurements; -take further samples in an area separate from the bioaerosol inside the biotechnology plant, to provide a background count for comparison; and -if personal sampling can be done, monitor those whose work activities make them most likely to be exposed to a bioaerosol and, for comparison, other nonexposed workers.
Frequency and extent of sampling. The timing of sampling is important. If work activity is sporadic or changes rapidly then the concentration, source and/or nature of the bioaerosol may also change. Continuous or frequent sampling would give an overall picture irrespective of these changes, but is unlikely to be practicable from a cost and data handling point of view. Therefore, it is more practicable to identify specific times when bioaerosol release may occur, probably corresponding to a particular activity, and to plan the programme accordingly, as follows:
-take samples before work activity starts, to determine background values; -where operations are continuous, or conducted on a regular basis, it may be appropriate to monitor at set time intervals, for example, once a month, once a week; -in many instances however, a monitoring programme may be more dependent on process activity and a better approach to monitoring may be to time it for a specific point in each process run; and -take further samples after work has finished, to measure the time taken for bioaerosols to disperse.
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Sampling the outdoor environment. If sampling is to be done to determine environmental impact, a suggested sampling strategy is as follows.
-Identify the likely source of release into the environment. Bioaerosols escaping from a building may include process organisms or their products, or they may be present in off-gases vented to the atmosphere from the process. It has been estimated (Juozaitis et al., 1994) that particle concentration counts in the exhaust system increase 100-fold during the fermentation process. -Consider factors which may affect bioaerosols concentrations, such as the geography of the site (location of buildings, land contours, prevailing winds, presence and position of water sources, movement of people or vehicles) which may affect air currents. -Place samplers systematically downwind to look for possible emissions and to measure dispersal. -For comparison, take samples upwind out of doors to provide a background count.
Intact or viable organisms or products may survive in waste from the process. An environmental assessment therefore is likely also to include analysis of soil, vegetation and water sources.
METHODS OF ANALYSIS
The methods used will depend on whether intact viable micro-organisms are to be analysed, direct measurements made or chemical or cellular components analysed. Biological material undergoes various stress when aerosolized, such as dehydration, exposure to u.v. light and airborne pollutants, which may affect its integrity. This may kill microbial cells or cause a switched-off metabolic state in which they are viable but cannot be cultivated, referred to as non-culturable but viable (NCBV: Colwell et al., 1985) . Post-sample handling must aim to overcome, or allow for, these stresses to account for as much of the collected material as possible.
Cultivation methods
Cultivation from viable microbial cells is the most commonly used method of analysis, but it has limitations in that it takes into account only those microorganisms capable of growth and colony formation. If many different taxonomic groups of micro-organisms are to be analysed, several different agar media may need to be inoculated. For aerobiological techniques where bioaerosols are collected directly onto agar media, this means that several consecutive samples must be taken at each sampling point to inoculate each type of medium. Viable cells that have been collected into liquid form a suspension which can be diluted further if necessary and portions from a single sample used to inoculate a number of agar plates. Deposits on filters or other solid substrates may be washed into suspension, diluted and again a single sample used to inoculate a range of agar media, but not all microbial cells collected will form colonies. There may be several reasons for failure of microorganisms to form colonies: -the microbial cell may no longer be viable, because of physical stresses caused during aerosolization or the method of subsequent collection and handling; -the stresses described above may have 'switched off' certain metabolic processes so that the microbial cell has entered a viable but non-cultivable state; or -the microbial cell may have been collected onto or inoculated into a medium which was incompatible with growth, for example, one without the correct nutrient balance.
Resuscitation techniques or optimisation of collection methods may overcome some of these problems.
Non-cultivation methods
Enumeration of microbial cells without cultivation can be done, especially for cells collected on filters or impacted on glass slides, by direct microscopic analysis. Direct observation by light microscopy may allow some collected particles of biological origin, for example, some bacterial cells, fungal spores and pollen grains, to be recognized by their size, shape, colour and aggregation. Specific staining may be used, together with light microscopy or fluorescence microscopy, such as acridine orange staining with epifluorescence microscopy (Pettipher, 1983) , which can help to distinguish microbial cells from background material. There are some limitations of this type of analysis, however, including:
-the sampling method must be capable of differentiating between biological particles and (non-biological) background particles: -specific skills are needed to identify micro-organisms by direct microscopic examination; -many microbial cells are indistinguishable from each other microscopically; -some of the techniques described may not differentiate between viable, nonculturable and non-viable cells; and -the techniques are labour intensive or require expensive image analysis equipment.
Other markers of microbial cells that can be measured independently of cultivation, such as endotoxins for Gram-negative bacteria, may provide a valuable means of assessing workers' exposure. Analysis of adenosine triphosphate (ATP) levels in samples is rapid and, as it indicates active microbial cell metabolism, may be used as a surrogate for microbial presence (Stanley et al., 1989) . Although a direct relationship between ATP levels and microbial cell numbers does not always exist, this method is often used together with surface swabbing for hygiene assessment of food machinery.
In some instances, it is the product rather than the organism that may potentially cause a health effect, for example proteases derived from industrial fermentation. Subtilisin enzymes have an occupational exposure standard (OES) of 60 ng m~3 (HSE, 1994) and in this case it is most relevant to measure the product. Chemical analysis by fluorimetry is the prescribed method, but is time-consuming and retrospective. Potentially, biosensors could be used (Tang et al., in press ).
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Molecular biological techniques such as PCR and gene probe technology, because of their specificity and sensitivity, may in the long term prove to be of considerable value as a detection method in monitoring biotechnology processes. This may be the case especially where the use of GMOs means that much information about the gene sequences of the process organism is available already. This could also be a valuable way of tracking their accidental release to the outside environment (Prosser, 1994) . It must be noted, however, that at present molecular techniques are relatively costly in terms of equipment and reagents, therefore conventional analytical methods are likely to remain the first choice where they can be applied.
INTERPRETATION OF RESULTS
At present, there are no occupational exposure standards or threshold limit values against which to compare workplace concentrations of airborne microorganisms or allergens. In the workplace as a whole, few longitudinal studies have been made to relate health to workplace exposure to bioaerosols. Therefore, little information is available on dose-response relationships on which to set any standard and, in biotechnology at present, information is limited on typical levels that may be anticipated. Such standards would need to take into account the content as well as the total concentration, for example, the proportion of the total number of airborne micro-organisms that represent a health hazard and, specifically for biotechnology, the balance between process and background organisms.
In the absence of these guidelines, a useful approach for biotechnology processes may be to compare the data acquired through monitoring the workplace to those for background samples, or simply to aim for no detectable process micro-organisms during critical process procedures. This acquisition of data on typical workplace bioaerosol concentrations under normal, well-controlled circumstances may also provide a useful point of comparison, or internal standard, to be used as a basis to devise an action level. Therefore, for process micro-organisms this action level could be the concentration above which there is an indication of poor microbiological control and a need for remedial action.
Continued monitoring of workplace exposure, both quantitative and qualitative, will help to build up a picture of typical airborne concentrations associated with particular processes. When related to any recorded instance of worker ill health this could eventually aim towards the development of practicable and valid standards.
CONCLUSIONS
Monitoring for biotechnology process organisms is a developing science for which, at present, there are no widely agreed protocols. A number of approaches to monitoring within the workplace are currently used. When monitoring, it is important to consider both strategy and methodology. This is likely to require a range of sampling and analytical techniques, the principles of which may also be relevant to environmental monitoring.
The general conclusions, however, that can be drawn are as follows: -There is a need for a common approach to sampling protocols and strategies.
-There is a need to gather data on workplace levels of exposure to bioaerosols in biotechnology and to establish whether this leads to any adverse health effects.
-In order to make monitoring for process organisms in biotechnology a more rigorous science, emphasis in the future may need to be placed on developing improved methods for sampling, in particular for personal sampling.
-There is scope for improvement in the sensitivity, ease of use and robustness of available sampling methods, and for improvement in sensitivity of analytical methods. Both biosensor technology, especially for product sampling, and molecular biological techniques, such as gene probes and polymerase chain reaction, for process organisms, may offer possibilities in this area.
Disclaimer-Some samplers are referred to by commercial name in this paper to assist in identifying the types available. It does not constitute an endorsement of these samplers nor does it deny the existence of others.
